Isopropyl alcohol (IPA) is a common waste solvent from the semiconductor and optoelectronic manufacturing industries. The current study assesses the feasibility of microwave-induced catalytic oxidation process for synthetic IPA wastewater. The effect of three independent variables, including oxidant (hydrogen peroxide), initial IPA concentration, and dosage of catalyst (granular activated carbon, GAC) on the IPA removal efficiency, were investigated and optimized by response surface methodology based on central composite design. The estimated optimal working conditions were as follows: [H 2 O 2 ] <0.132 M, GAC dosage ¼ 108-123 g/L, and initial [IPA] ¼ 0.038-0.10 M. The findings indicated that the dosage of GAC and the initial IPA concentration strongly affected the overall IPA removal. The values of R 2 ¼ 0.9948 and adjusted R 2 ¼ 0.9901 demonstrated that the response variability could be explained by the model expressing a satisfactory quadratic fit. Finally, the H 2 O 2 /GAC/MW process showed a faster and higher IPA removal rate than other processes tested.
INTRODUCTION
Isopropyl alcohol (IPA) (C 3 H 8 O)a colorless, flammable compound with a strong odoris an important solvent widely used as a cleaning agent in the electronic and precision machinery industries. In the typical semiconductor manufacturing processes, a large amount of high-purity IPA is consumed and discharged as waste solvent after wafer surface washing and cleaning (Kuila & Ray ) .
IPA and its metabolite, acetone (C 3 H 6 O), are considered as hazardous and toxic water wastes (B3) (Abdulloh et al. ) that act as depressants of the human central nervous system, causing unconsciousness and ending in a deep coma (Ashurst & Nappe ; Sivilotti ) .
Traditional methods involving physicochemical decomposition or microorganisms have shown limited efficiencies for treating IPA-containing wastewater (Cheng et al. ) .
The high concentration of IPA can be separated from the waste solvent by pervaporation using copolymer membrane (acrylonitrile and methyl acrylate) (Kuila & Ray ) .
However, the pervaporation process is complex and not easy to operate. An integrated method consisting of air stripping and activated carbon fiber columns is employed to recover IPA in waste (Lin & Wang ) . It is relatively easy, but requires pH control and cannot be carried out at low temperatures (Abdulloh et al. ) . In a previous study, Xiao et al. () reported that both sequencing batch biofilm reactor (SBBR) and sequencing batch reactor (SBR) are effective for removing IPA. Nevertheless, the biofilm will be damaged as the chemical oxygen demand is higher than 1,600 mg/L. In recent years, the microwave-induced catalytic oxidation process has been widely proposed in the literature as an attractive alternative technique. This process shortens reaction time, reduces equipment size, provides greater ease of operation, and increases treatment performance (Xu et al. ; Liu et al. ) .
In fact, its efficiency strongly depends on numerous process parameters (Bi et al. ; Liu et al. ) such as the characteristics of the catalyst, dosage of catalyst, oxidant concentration, and initial pollutants concentration.
First, it is well known that the catalyst plays an important role in the microwave-induced catalytic oxidation process (Quan et al. ; Liu et al. ) . It has to be a microwave-absorbing material capable of both producing large amounts of surface 'hot spots'where more rapid oxidation occursand generating great amounts of • OH catalyzed, leading to a significant degradation rate in a shorter irradiation time (Remya & Lin ; Yin et al. ) .
Besides this, another apparent characteristic for the catalyst in the oxidation process can be surface area and pore structure. Specifically, the large surface area and porosity in the catalyst are able to provide many active sites to trigger the chemical reaction of oxidation of organic pollutants (Chen & Shen ) . Several catalysts such as copper oxides Furthermore, the amount of catalyst is a crucial factor that influences the microwave-induced catalytic oxidation process. Several studies have reported that increasing the dosage of catalyst increases the rate of degradation continu- The dosage of oxidants is also well known as one of the variables influencing pollutant removal performance. Liu et al.
() indicated that the degradation rate of phenol increased nonlinearly with an increase in the concentration of H 2 O 2 .
The initial concentration of pollutants is another parameter affecting the rates of degradation. Literature revealed that the degradation rate of organic pollutants decreased with increasing initial pollutants' concentration (Bi et (6):
where C 0 and C represent the initial and effluent concentration of TOC (mg/L) respectively.
The Brunauer-Emmett-Teller (BET) surface area of the solid catalysts was characterized by nitrogen adsorption/ desorption isotherms on a Micromeritics ASAP 2020
Surface Area and Porosity Analyzer Software V3.00.
Typically, 0.2-0.3 g of the sample was used for the measurement and the samples were previously outgassed for at least 8 h at 150 C prior to N 2 adsorption. Residue on ignition (ash) 0.05% or less In this study, a CCD with three independent variables was used to assess the influences of H 2 O 2 , GAC dosage, and initial IPA concentration on the TOC removal efficiency under the microwave-induced catalytic oxidation process. In addition, the interactions between the selected variables were also determined by using RSM. A total of 20 experiments were selected to determine the coefficients of the second-order polynomial regression model for three variables. Each variable was studied at five levels (±1 for the factorial points, 0 for the center points, and ±1.682 for the axial points), as presented in Table 2 . The behavior of the microwave-induced catalytic oxidation process is explained by the following empirical second-order polynomial model (Equation (7) 
where Y is the predicted response (TOC degradation by the microwave-induced catalytic oxidation); α 0 and α i are the constant coefficient and linear coefficient, respectively; α ii and α ij are the quadratic coefficients and interaction coefficients, respectively; and X i and X j are coded values of the independent process factors which refer to the factors i and j, respectively. as well as to test the suitability of the model. As a result, the second-order polynomial equation was given as follows:
RESULTS AND DISCUSSION

RSM model construction
The model adequacy check is an integral part of the data analysis procedure (Ivanescu et al. ) , and the approximating model would give poor or misleading results if the fit is inadequate (Körbahti ) . Specifically, the coefficient of determination (R 2 ) and the adjusted coefficient of determination (R 2 adjust ) was used to describe the fit quality of the polynomial model, and Fisher's F-test and the probability value > F was used to check the statistical significance. Table 4 summarizes As well, the small probability values (p-value <0.001) for all regressions are given in Table 4 . This denotes that the established model is highly significant for the TOC removal response. 
Influences of the selected variables and their interactions
In this study, the probability value >|t| or p-value or asymptotic significance was used in the context of the null hypothesis testing in order to quantify the idea of the statistical significance of each independent variable. If the probability value is less than the chosen significance level (α), that suggests that the null hypothesis may be rejected and the curvature is not significant. To be more specific, traditionally, 5% was used as the significance level of the test, and the null hypothesis is rejected when the p-value is less Table 5 , the p-value <0.001 means that the independent variables of the quadratic model are considered highly statistically significant which includes the interception coefficient, the dosage of GAC (X 2 ), the initial concentration of IPA (X 3 ), the second-order effect of GAC dosage (X 2 2 ), and the second-order effect of the initial IPA concentration (X 3 2 ).
Additionally, the concentration of H 2 O 2 (X 1 ), the interaction between the GAC dosage and the initial IPA concentration (X 23 ), and the second-order effect of H 2 O 2 concentration (X 1 2 ) are statistically significant since p-value <0.05. Nevertheless, when the p-value is larger than 0.05, the interaction between the H 2 O 2 concentration and the GAC dosage (X 12 ), as well as the interaction between the initial IPA concentration and the H 2 O 2 concentration (X 13 ), are insignificant. According to the regression model, the order of priority among the main effect of the selected variables is the dosage of GAC (X 2 ) > the initial IPA concentration (X 3 ) > the H 2 O 2 concentration (X 1 ). Influence of GAC dosage and initial IPA concentration on TOC removal • with lower oxidation potential. Additionally, it also can be observed in Figure 4 that increasing the GAC dosage had a positive effect on TOC removal at all selected initial H 2 O 2 concentration. Hydrogen peroxide can be activated on the carbon surface involving the formation of reactive free radicals that are able to oxidize IPA. The more GAC was used, the more hydroxyl radicals were produced. This assists in the higher degradation rate of IPA. Specifically, H 2 O 2 on its own exhibited low TOC removal efficiency rates, when combined with MW irradiation the removal efficiency jumped to 33.5%. It is possible that the The mechanism of IPA degradation in the MW-induced catalytic oxidation process is proposed in Figure 6 . Under the microwave irradiation, the GAC could strongly adsorb microwave energies, followed by the formation of numerous 'hot spots' on the surface of GAC. To be more specific, the kinetic energy of the π-electrons on the surface of the GAC is increased during the MW irradiation, which enables them to jump out of the material leading to the formation of in the aqueous solution that is difficult to be degraded since it cannot be adsorbed on activated carbon. Further addition of H 2 O 2 allowed more than 90% elimination of TOC from the synthetic IPA aqueous solution. The dipolar polarization mechanism creates the elevated temperature within a short span, which provokes the increased decomposition of 
